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Neuroradiology

Venkata S. Mattay, MD » Joseph A. Frank, MD « Attanagoda K. S. Santha, PhD ¢ James J. Pekar, PhD
Jeff H. Duyn, PhD ¢ Alan C. McLaughlin, PhD ¢ Daniel R. Weinberger, MD

Whole-Brain Functional Mapping
with Isotropic MR Imaging’

PURPOSE: To assess the reliability
and sensitivity of gradient-echo, iso-
tropic multisection echo-planar mag-
netic resonance (MR) imaging for
within-subject whole-brain mapping.
MATERIALS AND METHODS: Eight
right-handed healthy volunteers un-
derwent gradient-echo, echo-planat
MR imaging while they performed a
motor task on three occasions over
2-3 months. Ninety-six whole-brain
volumes were acquired in 8 minutes
48 seconds. A rigorous statistical
threshold for determining activation
was set at P < .05 and was Bonferroni
corrected for approximately 15,000
cortical voxels.

RESULTS: In all subjects, reproduc-
ible activation was demonstrated in
multiple cortical areas and in the cer-
ebellum specific to the motor system.
Of the activated voxels, 75%-78%
were confined to the motor areas dur-
ing all sessions. No statistically sig-
nificant difference was found in the
proportion of activated voxels in any
motor region (relative to the total num-
ber of activated voxels in the whole
brain) across the three sessions. The
centers of mass of the activated areas
were within 2.5 resolution elements
of the image across the three ses-
sions.

CONCLUSION: Isotropic multisec-
tion echo-planar MR imaging has the
potential for noninvasive, reliable
within-subject mapping of whole- .
brain functional anatomy.

UMAN brain mapping is an impor-
tant clinical and research ap-

proach to understanding functional
neuroanatomy. Brain mapping has
developed substantially from attempts
that were based on clinical-pathologic
correlations and invasive cortical
stimulation techniques to noninvasive
functional magnetic resonance (MR)
imaging. Whole-brain mapping has
been performed primarily with nuclear
medicine techniques, which in gen-
eral have necessitated intersubject
averaging, and thus provide informa-
tion only about tendencies in groups
of people to use brain systems that
serve certain behaviors.

Of the currently available approaches,
only functional MR imaging based on
blood oxygenation level dependent
(BOLD) contrast (1,2) has the poten-
tial for widespread application be-
cause it is noninvasive, has superior
spatial and temporal resolution, does
not involve radiation exposure, and
can be performed with widely avail-
able MR instruments. These advan-
tages enable the unique capability of
performing repeated within-subject
mapping, which is necessary to study
individual variability associated with
learning and neural plasticity. Previ-
ous reports in which the application
of functional MR imaging to brain

mapping was demonstrated (3-8),
however, have been limited because
the whole brain was not covered. In
addition, the reliability and sensitivity
of these methods have not been sub-
jected to rigorous evaluation, which is
essential before studies can be under-
taken of learning, memory, and other
complex aspects of human f
neuroplasticity. -
Whole-brain methods are &ssential
to map complex behaviors because
such behaviors involve distributed
neural components. Furthermore,
whole-brain methods facilitate regis-
tration of each functional volume to
one another, permitting correction for
subject motion during imaging, an
important step in data processing. In
functional MR imaging techniques in
which only a fraction of the brain is
surveyed, motion correction is diffi-
cult. A whole-brain method with iso-
tropic resolution would have the
additional features of permitting re-
sectioning of the final data in any ar-
bitary geometry with minimal inter-
polation errors and of facilitating
more accurate anatomic localization.
In this study, we performed whole-
brain BOLD functional MR imaging
with interleaved sagittal isotropic

" multisection echo-planar imaging in

healthy volunteers while they per-

Index terms: Brain, function, 13.92 ¢ Brain, MR, 13.121412 + Magnetic resonance (MR), brain map-
ping, 13.12142 ¢ Magnetic resonance (MR), technology, 13.121412

Abbreviations: BOLD = blood oxygenation level dependent, CER = right cerebellum, PAR = pari-
etal cortex, PM = lateral premotor area, PSM = primary sensorimotor cortex, SMA = supplementary

motor area, VOI = volume of interest.

Radiology 1996; 201:399-404

1 From the Clinical Brain Disorders Branch, National Institutes of Health, National Institute of
Mental Health Neuroscience Center at St Elizabeth’s, 2700 Martin Luther King Jr Ave SE, Washing-
ton, DC 20032 (V.5M., AKS.S.,, A.C.M., D.R.W.); the Laboratory of Diagnostic Radiology Research,
Office of Intramural Research, National Institutes of Health, Bethesda, Md (V.SM,, J.AF.,, JHD.);
and the Institute for Cognitive and Computational Sciences, Georgetown University Medical Center,
Washington, DC (J.J.P.). Received April 1, 1996; revision requested May 22; revision received June
18; accepted June 24. Address reprint requests to D.R-W.

© RSNA, 1996

399

ctional”
/‘/’




formed a simple overlearned motor
task. We describe the regional speci-
ficity, sensitivity, and reliability of the
activation maps.

MATERIALS AND METHODS
Data Acquisition

Imaging was performed with a 1.5-T
Signa MR imager (GE Medical Systems,
Milwaukee, Wis) equipped with a com-
bined radio-frequency and gradient insert
coil capable of generating 2 G/cm (0.0002
T/cm) with a rise time of 100 psec (Medi-
cal Advances, Milwaukee, Wis). Foam pad-
ding was used to limit head motion within
the coil. The protocol was approved by the
intramural review board of the National
Institute of Mental Health.

After a T1-weighted spin-echo axial lo-
calizing image was obtained (repetition
time, 400 msec; echo time, 10 msec; [400/
10]; flip angle, 90°; section thickness, 5
mm; field of view, 30 cm; matrix, 256 X
128), 56 sagittal (3.75 mm thick) inter-
leaved sections were acquired with gradi-
ent-echo echo-planar imaging (field of
view, 24 cm; matrix, 64 X 64; 5,500/60; flip
angle, 90°), which provided air-to-air cov-
erage. This high-duty cycle (56 sections
every 5,500 msec) was achieved without
an increase in temperature of the insert
coil above manufacturer specifications.
Shimming was performed over the whole
brain with the autoshim feature, and addi-
tional manual adjustments were based on
the peak height of the water signal. Fifty-
six T1-weighted, spin-echo, sagittal ana-
tomic images (section thickness, 3.75 mm;
field of view, 240 mm; matrix, 256 x 256;
500/10; flip angle, 90°) were also obtained
in 4 minutes 66 seconds.

Subjects and Task

The study was approved for human
subjects by the intramural research review
board of the National Institute of Mental
Health, National Institutes of Health.
Eight healthy volunteers (three men and
five women; mean age, 30 years; range,
23-37 years) gave written informed con-
sent after the nature and possible adverse
effects of the procedure were explained.
All subjects were strongly right handed
according to the Edinburgh Handedness
Inventory (mean score, 91) (9). The sub-
jects were requested to abstain from nico-
tine and caffeine for 4 hours and from
over-the-counter medications for 24 hours
before the imaging sessions.

Images were obtained while subjects pe-
formed a motor task with the right hand.
Subjects opposed the thumb to the tips of the
other four fingers in a sequential manner
(1,234, 1,2,34, and so on) at a rate of about 2
Hz (self paced). To establish the reliability of
the method, subjects repeated the study two
additional times at 4-8-week intervals. The
motor task was performed under the same
conditions at all three sessions. To avoid a
practice or learning effect, the subjects prac-
ticed the task before the imaging session on
each day.
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Figure 1.

Selected sagittal, axial, and coronal sections of functional data from one trial in one
subject are mapped onto a high-resolution, T1-weighted MR image. Red voxels represent

{

those that surpass the critical ¢ statistical threshold and are defined as activated. Images dis-
play the region-specific distribution of the activated voxels in the left PSM, left PM, left PAR,

left SMA, and right CER.

The stimulation protocol consisted of 16
33-second epochs (eight off-on cycles), al-
ternating a rest (off) state with a motor
sequence (on) state. Ninety-six whole-
brain multisection echo-planar volumes
were acquired in 8 minutes 48 seconds (5.5
seconds per one whole brain acquisition
and six acquisitions for each off or for each
on state).

Analysis of Time Series Data

Image reconstruction and subsequent
analysis of the time course data were per-
formed off line. A threshold signal inten-
sity (noise threshold) for excluding voxels
outside the brain was estimated by using a
histogram of the signal intensities of all
the voxels. Voxels with a signal intensity
below the noise threshold were excluded.
To minimize motion artifacts, each three-
dimensional brain volume was registered
to the first in the time series with the auto-
mated image registration program (10).
BOLD responses have an inherent delay
of about 4-6 seconds (11). To control for
this delay, the first brain volume of each
state (on and off) was excluded from fur-
ther analysis. The last brain volume of
each state was also excluded from further
analysis because of the uncertainty of the
exact end and start of neighboring on and
off states. This reduced the total number
of brain volumes acquired in a study to 64.

A voxel-wise review of the time course
data revealed random low-frequency
drifts (~ 2 cycles per the entire § minutes
48 seconds of data acquisition) in the base-
lines of many voxels, with a maximum am-
plitude of approximately 5% of the base-
line signal intensity. To remove potential
artifacts from these low-frequency oscilla-
tions, the signal intensities of each voxel
(ie, the time course data) were fitted to a
third-degree polynomial with time as the
independent variable. The time-depen-

dent terms of the polynomial fit were sub-
tracted from the time course data on a
voxel-by-voxel basis. From the corrected
time course data, the mean signal intensity
and standard error were determined for
the on and off states for each voxel. From
these data, a voxel-wise variance term (de-
nominator in the f statistic) was derived as
follows:

O.;on‘;off = \/[(ng/Non) + (U(Z)K/Noff)ll

where X, = mean voxel signal intensity
from all the time points in the on states,
X = mean voxel signal intensity from all
the time points in the off states, o, = stan-
dard deviation of voxel signal intensity in
the on states, o4 = standard deviation of
voxel signal intensity in the off states,
N, = number of time points in the on
state, and No¢ = number of time points in
the off state. ’
Whole-brain histograms of these vari-
ances had abnormally long tails and did
not conform to a 2 distribution. This pre-
cluded the assumption of a homogeneous
variance across the image; therefore, a
Student ¢ test (which uses the individual
voxel variance) rather than a z statistic
(which uses a pooled variance) was used
to identify voxels with a statistically sig-
nificant difference in mean signal intensity
between the on and off states (12). By us-
ing a previously described method (12,13),
the effective degrees of freedom to define
the null distribution of the f values was
calculated to be 48. Since brain cortex rep-
resents approximately 50%—60% of total
brain volume (14), under the assumption
that the voxels represent independent
resolution elements, an unbiased Bonfer-
roni correction (one-sided probability of
0.025) for approximately 15,000 contrasts
in the brain cortex (60% of ~ 25,000 voxels
in the whole brain) was used to establish a
rigorous statistical threshold. The one-
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sided probability of 0.025 becomes ap-
proximately 0.017 x 10~* when Bonferroni
corrected (0.025 divided by ~ 15,000 con-
trasts). The corresponding ¢ cutoff was ap-
proximately 5.25 (varying slightly from
subject to subject), and voxels above this
threshold were considered activated.

CER~

Maps of activated voxels were created for
qualitative and quantitative analysis.

Comparisons between Sessions

For each subject, the 64 functional brain
volumes from day 1 and day 3 were regis-

Figure 2. (a) Activated voxels in the various
motor regions from all three sessions in one
subject are overlaid on sagittal echo-planar
images. Colored regions represent activated
voxels (blue = day 1, green = day 2, yellow =
day 3). Red regions represent activated voxels
that were common to all three sessions. (b) Mag-
nified views of sections 3, 5, 15, and 17 show the
overlapping voxels in the various motor re-
gions.

tered to the brain volumes from day 2 by
using the automated image registration
program (10). Regions of interest were
then drawn on sagittal sections of the
high-resolution anatomic image from day
2 for each of the motor regions on the ba-
sis of standard anatomic atlases (15). The
extent of the motor regions of interest was
defined as follows: (1) the primary sensori-
motor cortex (PSM), which was the area
that encompassed the central sulcus, in-
cluding the posterior half of the precentral
gyrus and the anterior half of the postcen-
tral gyrus; (b) the lateral premotor region
(PM), which was the area that encom-
passed the precentral sulcus, including
the anterior half of the precentral gyrus;
(c) the parietal region (PAR), which was
the area that encompassed the postcentral
sulcus, the posterior half of the postcentral
gyrus, and the area posterior to the post-
central sulcus; (d) the supplementary mo-
tor area (SMA), which was the area ante-
rior to the mesial aspect of the precentral
gyrus; and (e) the ipsilateral cerebellum,
which was the area that encompassed the
superior half of the right cerebellum
(CER). Regions of interest that repre-
sented a specific motor area from many
sections were then combined to define a
three-dimensional volume of interest
(VOI). These three-dimensional VOIs
were then applied to the t maps. The same
VOIs were applied for all three sessions.
Stringent criteria were used to define
activation; thus, for each motor region, the
smallest number of activated voxels from
any of the three sessions was considered
to represent the principal focus of activa-
tion and was defined as the core activated
area for that region. Additional measure-
ments obtained in each VOI were (4) the
number of activated voxels, (b) the mean
percentage signal intensity change in the
activated voxels, (c) the relative propor-
tion of activated voxels in each motor re-
gion, (d) the absolute distance between the
centers of mass of the cluster of activated
voxels in each motor region across the
three trials, (¢) the number of voxels in the
core activated area of each motor region
that were reliably activated in all three
sessions, and (f) the “false-alarm” rate.
The relative proportion of activated
voxels in each motor region was calcu-
lated by dividing the number of activated
voxels in each region by the number of
activated voxels in the whole brain. The
absolute distance between the centers of
mass of each of the clusters of activated
voxels in the various motor regions during
the three sessions was determined by first
calculating the t-weighted center of mass



(in arbitrary x, y, and z coordinates) of the
cluster of activated voxels for each region.
The absolute distance in number of voxels
in three-dimensional space between the
centers of mass for each region between
day 1 and day 2, day 2 and day 3, and day
1 and day 3 was then calculated, and the
mean value of these three measurements
was considered the distance in voxels be-
tween the center of mass of each cluster
across the three sessions. To identify spe-
cific voxels that were activated in all three
sessions, the x, y, and z coordinates of
each voxel in the core-activated area for
each motor region were determined. The
number of activated voxels in these core
areas that was common to all 3 days was
then calculated and expressed as a per-
centage of the total number of voxels in
the core activated area.

To establish that activated voxels shared
across the 3 days were not due to chance,
VOIs the same size as the VOI with the
least reliable proportion of shared voxels
in a core-activated area (the PM in this
study) were placed in 10 locations outside
the motor regions. A series of x? analyses
was performed to compare the proportion
of shared activated voxels in the PM with
that in each of the 10 control VOIs. The
false-alarm rate was calculated by dividing
the number of voxels outside the motor
areas that were classified as activated in all
three sessions by the total number of corti-
cal voxels in the whole brain, excluding
the motor VOIs.

A one-way analysis of variance with
time as a repeated measurement was used
to compare the number of activated voxels
in the whole brain across the three ses-
sions. Analysis of variance was also used
to compare the following measures in
each motor region across the three ses-
sions: (1) the mean number of activated
voxels, (b) the mean percentage signal in-
tensity change in the activated voxels, and
(c) the relative proportion of activated
voxels (relative to the total number of acti-
vated voxels in the whole brain). For each
motor region, the number of activated
voxels in the VOI and the number of acti-
vated voxels in the whole brain were ex-
amined with linear regression analysis.
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Figure 3. Histograms show standard errors of differences in voxel

signal intensity (on states minus off states) for all three sessions in

one subject.

This involved 24 points for each region
(eight subjects X three sessions). Finally,
histograms of the voxel variances from the

three sessions were plotted and compared.

RESULTS

All subjects showed activation in
the left PSM, left SMA, and left PAR
in all test sessions. Seven of the eight
subjects also showed activation in the
left PM and right CER on all three
occasions. The foci of activation are
shown in Figure 1. In one subject, the
cerebellum was inadvertently not in-
cluded in the field of view on day 1.
In this subject, activation was seen in
the ipsilateral cerebellum on days 2
and 3, when an appropriate field of
view was used. Overall, about 1%
of the total number of voxels in the
whole brain (mean, 24,650 voxels) sur-
passed the statistical threshold of sig-
nificance and were considered acti-
vated. Of the activated voxels, 75%~

78% were located in the contralateral -

cortical motor areas (PSM, SMA, PAR,
and PM) and ipsilateral cerebellum in
each of the three sessions (Fig 2). No
activated voxels were seen overlying
the noncortical regions of the brain
(eg, ventricular cerebrospinal fluid
space and white matter regions, such
as centrum semiovale). Mean (plus or
minus standard error) percentage
changes in signal intensity over the
three sessions in the activated voxels
were as follows: PSM = 2.35% = (.08,
SMA = 1.82% =+ 0.13, PAR = 2.13% =
0.10, PM = 1.95% = 0.14, and CER =
1.77% = 0.14.

Even though the absolute number
of activated voxels in a region and in
the whole brain varied to some de-
gree across the three sessions (PSM:

F =3.16, P < .07), a one-way analysis

of variance with time as a repeated
measure did not reveal statistically
significant differences in the propor-
tion of activated voxels (relative to the
total number of activated voxels in
the whole brain) in any motor region
across the three sessions (P > .25).
The mean percentage change in sig-
nal intensity in the activated voxels in
each motor region also varied to some
degree across the three sessions.

The mean distance between the
centers of mass of the activated motor
areas ranged between 0.72 voxels for
PSM and 2.47 voxels for PM across the
three sessions (Table). The mean per-
centage of voxels in the core activated
areas that reliably superseded the
threshold in all three sessions were as
follows: PSM, 70%; SMA, 60%; CER,
55%; PM, 22%; and PAR, 44%. One
subject did not show activated voxels
that were common to all three ses-
sions in the CER. Similarly, although
there were activated voxels in the left

‘PM region in seven of the eight sub-

jects on all 3 days, three subjects did
not show activated voxels that were
common to all three sessions in this
region. The series of x? analyses, in
which motor and nonmotor VOIs
were compared, revealed that the
probability of voxels in the core acti-
vated areas (including the PM region) -
being activated on all 3 days as a chance
occurrence was low (P < 1.0 x 1079).

The false alarm rate in the nonmo-
tor cortical regions was 0.0002. Results
of x? analysis revealed that this fre-
quency was significantly lower (P <
1.0 x 107%) than that of activated vox-
els shared across the three sessions,
even in the VOI with the least reliable
proportion of the core activated area
(PM in this study).

Correlations between the total and
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regional number of activated voxels
for all subjects across all trials were
high (r = .88 for PSM, .82 for PM, .85
for SMA, .86 for PAR, and .75 for CER;
P < .01). Histograms of standard er-
rors of differences in individual voxel
signal intensity over time showed
that the plots varied from one trial to
another in every subject (Fig 3). There
did not appear to be any systematic
pattern as to which imaging session
showed the most voxel-wise variance.

DISCUSSION

BOLD functional MR imaging has
the unique capability of within-sub-
ject brain mapping, as illustrated by
several reports in the literature of
functional MR imaging performed
during motor tasks. However, these
earlier studies were based on tech-
niques that survey only a limited span
of the brain (4,6,8,16,17), thus failing
to document the distributed compo-
nents of the map. In our study, we
describe a BOLD functional MR imag-
ing method that is capable of isotro-
pic whole-brain coverage. With this
method, reliable and region-specific
activation was seen in all cortical mo-
tor areas, as well as in the ipsilateral
cerebellum within individual subjects
in all three sessions. The isotropic ac-
quisition is advantageous for resec-
tioning of data in coronal and axial
planes and for more accurate ana-
tomic localization. To our knowledge,
this is the first study to map distrib-
uted activation sites in the motor sys-
tem at multiple levels of the neuraxis
in individual subjects.

Although BOLD signals may be
confounded by variables such as
draining veins and inflow (18), the
contribution from inflow to echo-pla-
nar data with a repetition time greater
than 2 seconds is probably small (19).
Further, the geometry of the blood
vessels is likely to be a more impor-
tant factor in images acquired in the
axial plane. The profile of vessels in
the acquired voxel is probably much
smaller in sagittal acquisitions, and
use of an interleaved method further
minimizes these artifacts. Sagittal ac-
quisition also enables whole-brain
coverage with a smaller field of view
than that required for whole-brain
coverage in the axial dimension.

Earlier brain mapping studies have
established that even the simplest mo-
tor behaviors involve the joint opera-
tion of many neural components (20—
25). The principal cortical components
of the motor system include the con-
tralateral PSM (Brodman areas 1, 2, 3,
and 4), SMA (Brodman area 6), PM

(Brodman area 6), PAR (Brodman ar-
eas 5 and 7), and ipsilateral cerebel-
lum. Although some positron emis-
sion tomographic studies (23,26-29)
have shown activation in all these
areas, most of these were studies of
groups of subjects in which data were
averaged together. it has not been
clear how representative the pattern
is of every individual subject.

In our study, all subjects showed
activation (as defined by voxels that
surpassed a rigorous statistical thresh-
old of significance) in the left PSM,
left SMA, and left PAR at all test ses-
sions. Seven of the eight subjects also
showed activation in the left PM and
in the right CER on all three occa-
sions. Absence of lateral premotor ac-
tivation in one subject on all 3 days
may reflect an individual variation in
cortical representation of the motor
system. Reproducible ipsilateral cer-
ebellar activation was seen in all but
one subject in whom the cerebellar
region was inadvertently not in-
cluded in the field of view on day 1.
Proper care was taken to ensure that
this subject was placed farther into
the gantry during the repeat studies,
and activation was seen in the ipsilat-
eral cerebellum on days 2 and 3.

The regional specificity of the acti-
vation to the motor system is high-
lighted by the finding that the great-
est portion (75%-78%) of voxels that
surpassed the statistical threshold of
significance were located in the con-
tralateral cortical motor areas (PSM,
SMA, PAR, and PM) and ipsilateral
cerebellum (Figs 1, 2). Areas of activa-
tion were also seen in the anterior
cingulate, right SMA, right PM, right
PSM, right PAR, and temporal and
prefrontal regions. Activation of these
areas was not consistent in all subjects
or even within subjects at repeat tri-
als. On average, only two voxels in
the entire expanse of nonmotor brain
regions showed activation on all 3
days. Because a stringent statistical
thresholding procedure was used, it is
unlikely that activated voxels in these
nonmotor areas are products of ran-
dom noise. Rather, they may reflect
individual variability in brain func-
tion related to motor activity and/or
cortical processing, related to idiosyn-
cratic, nonmotor aspects of the repeti-
tive task.

The regional specificity of the acti-
vation maps is further established by
the lack of activated voxels in non-
gray matter areas of the brain. Statisti-
cally significant activation was not
seen in the basal ganglia in any sub-
ject. Even though some positron
emission tomographic studies {30-32)

el b ks paiihdedl)

have shown activation in the basal
ganglia during similar motor tasks,
these results were based on intersub-
ject averaging of groups and not on
individual subjects. Furthermore,
positron emission tomographic stud-
ies (32,33) during motor tasks have
shown that the signal intensity changes
in the basal ganglia are smaller than
those seen in cortical motor areas,
which may explain the lack of statisti-
cally significant activation according
to our stringent criteria in basal gan-
glia in individual subjects.

We examined the reliability of the
activation responses across the 3 days
in terms of several parameters: varia-
tion in the number of activated vox-
els, the proportion of activated voxels
(relative to the total number of acti-
vated voxels in the whole brain), the
mean percentage change in signal
intensity of the activated voxels, the
distance between the t-weighted cen-
ters of mass of the activated voxels in
each motor region, the proportion of
voxels in the core activated area that
were reliably activated on all three
sessions, and the false alarm rate. De-
spite the reproducibility of the activa-
tion of all the contralateral cortical
motor areas and ipsilateral cerebel-
lum, the exact size of the activated
area in these areas varied between
and within subjects from session to
session. The total number of activated
voxels and mean percentage change
in signal intensity in each session was
also variable. Histograms of indi-
vidual voxel variances revealed that
the plots varied nonsystematically
from one trial to another in the same
subject (Fig 3). This variation in voxel
variances most likely accounts for
some of the variations in the absolute
number of activated voxels from one
day to another. To our knowledge,
the distribution of the stability of
voxel signal intensity across time has
not been evaluated in previous func-
tional MR studies and may affect the
interpretation of serially performed
studies.

Fluctuations of voxel variances
across different sessions in the same
subject may be due to a number of
factors, including technical factors
such as motion {during imaging),
physiologic factors such as heart rate
and respiratory rate, and psychologi-
cal factors such as attention and
arousal. Variance, a key element in
the estimation of the voxel ¢ value,
can be high or low depending on the
effect of such factors. Motion is very
likely to increase variance. Unstable
voxels can thus not make the critical ¢
threshold, resulting in fewer activated
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voxels in a study. Therefore, to use
imaging techniques effectively in lon-
gitudinal studies or for comparison of
healthy subjects with patients who
have brain disorders, it is crucial to
minimize motion to optimize the sta-
bility of the technique and obtain
comparable parameters across studies.
Motion-detecting algorithms and
near-real-time analysis and display
of functional MR images will help
achieve this goal (34). Real-time func-
tional MR imaging enables adjust-
ments to be made while the subject is
still in the imaging unit, to optimize
signal stability across sessions and
also to correct artifacts, such as from
stimulus-correlated motion. This can
enable investigators to reacquire data
in the same session after making the
necessary adjustments.

It is important to note that, al-
though the total number of activated
voxels varied from session to session,
the proportion of activated voxels in
the various cortical regions specific to
the motor system remained fairly con-
stant and did not significantly differ
in any region across the three ses-
sions. These results indicate that the
sensitivity of the method to region-
specific activation is reproducible at
least in terms of the relative focality of
the signal intensity changes. In addi-
tion, the centers of mass of the acti-
vated areas within the motor regions
were, on average, within only 1.0-2.5
resolution elements of the image
across the three trials (Table). In all
these areas, the voxels that were com-
mon to all three sesssions in the core
activated areas were reproduced with
fair reliability (PSM, 70%; SMA, 60%;
CER, 55%; PM, 22%; and PAR, 44%).
These results further indicate that the
principal focus of activation in the
various motor areas was reliably local-
ized. We found that the probability of
this localization occurring by chance,
even in the least reliable region (PM),
is small (P < 1.0 x 1079),

To our knowledge, this is the first
functional MR imaging study to dem-
onstrate reliable activation in the cer-
ebellum concomitant with activation
in.the PSM and other nonprimary
cortical motor areas in a single study.
The 0.05-mL resolution of this method
is superior to the spatial resolution of
whole-brain mapping methods in
which ionizing radiation is used. In
addition, our study illustrates some
technical issues that may affect the
analysis and interpretation of data
related to longitudinal studies. We
believe that this approach represents
a step forward in the search for a
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whole-brain mapping functional MR
imaging method with a high level of
functional-anatomic correlation, as
well as statistical power and reliabil-
ity,. =
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